Basin floor fans contain some of the largest deep-water hydrocarbon accumulations discovered, however they also demonstrate extremely complex stratigraphic architecture, understanding of which is crucial for maximum recovery. Here we develop a new method, based upon palynofacies analysis, for the distinction of the different depositional environments that are commonly associated with basin floor fans. Previous studies and our sedimentological analysis allow good confidence in the discrimination of the different depositional environments of the outcropping Marnoso-Arenacea Formation fan system. One hundred and thirty-five samples were collected from mudstones in conjunction with sedimentary logging of 871 m of outcrops.
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Introduction
Basin floor submarine fans are sites of some of the largest deep-water hydrocarbon fields discovered, e.g. the Forties Field, North Sea (Rose et al., 2011) ; Mad Dog, Gulf of Mexico (Oyedele et al., 2015) ; Leviathan, Eastern Mediterranean (Lazar et al., 2012) , and they remain important exploration targets across the globe. Basin floor fans are typically large and complex systems and the understanding of their detailed architecture is essential for maximising and maintaining production (Hempton et al., 2005) . Single depositional elements may be difficult to distinguish purely with geophysical, petrophysical, or even core data, and often extensive outcrop analogues are employed (e.g. Wickens and Bouma, 2000; Browne and Slatt, 2002; Hubbard et al., 2005; Prelat et al., 2009; Barton et al., 2010; Jobe et al., 2010; Alpak et al., 2013) . As such, any tool that may be used to enhance our understanding of the distribution of reservoir and non-reservoir facies must be seen as an advantage for the planning of exploration and development strategies.
One such tool is the application of palynofacies classification schemes to submarine fan deposits. Palynofacies is the study of all acid-resistant, microscopic particulate organic matter contained within sediments (Combaz, 1964) and recent studies of deep-water turbidite systems have shown them to be rich in a variety of organic matter (Beaudouin et al., 2004; Baudin et al., 2010; Biscara et al., 2011; Stetten et al., 2015; McArthur et al., 2016a) . Organic particles behave as any sedimentary particle when entrained by currents (Muller, 1959; Stanley, 1986) , and we hypothesize that their distribution is not random in turbidite systems, but is largely controlled by transport processes, which gives hints regarding the environment of deposition. This paper represents the third piece of a new classification scheme for turbidites, complementing recent companion works establishing palynofacies classification schemes for slope channels (McArthur et al., 2016a) and mini-basin confined turbidites (McArthur et al., 2016b) . A natural laboratory, with good confidence in the depositional environment was required to test our hypothesis. As such, well-studied, world-class outcrops were logged and sampled, using outcrops of the Marnoso-Arenacea Formation, in the Apennine fold and thrust belt of northern Italy (Fig. 1) . These outcrops provide an excellent stratigraphic framework, with extensive studies being conducted over the last fifty years (see Ricci Lucchi, 1978; Ricci Lucchi and Valmori, 1980; Ricci Lucchi, 1986; Mutti et al., 2002; Amy and Talling, 2006; Muzzi Magalhaes and Tinterri, 2010; Tinterri and Muzzi Magalhaes, 2011; Talling et al., 2012; Talling et al., 2013; Malgesini et al., 2015; Tinterri and Tagliaferri, 2015; Tinterri et al., 2016, and references therein).
This study aims to 1) document reservoir scale depositional environments of a basin floor submarine fan; 2) examine the type of particulate organic matter delivered to and preserved in these depositional elements; 3) develop a palynofacies classification scheme to assist the interpretation of sub-environments in deep-water settings. This study does not seek to replicate bed-for-bed scale correlations already produced by Muzzi Magalhaes and Tinterri (2010) and Tinterri and Tagliaferri (2015) amongst others, instead key sections representative of selected depositional environments were studied and sampled in order to investigate their palynofacies.
The definitive goal is to provide a classification scheme applicable to sub-surface studies, to aid characterisation of sub-surface submarine fans, understanding of which is crucial for hydrocarbon exploration and development.
Geological setting
The Miocene Marnoso-Arenacea Formation preserves a down-dip transect of a submarine fan system, extending over 200 km from north to south along the northern Apennines ( Fig. 1a) and exhibits over 3500 m of stratigraphy (Ricci Lucchi and Valmori, 1980; Gandolfi et al., 1983; Ricci Lucchi, 1995; Roveri et al., 2002; Muzzi Magalhaes and Tinterri, 2010) .
Deposition occurred in a NW-SE orientated, elongate foreland basin of the Proto-Adriatic, which developed to the east of the Apennine thrust belt (Ricci Lucchi, 1965; Ricci Lucchi, 1967; Ricci Lucchi, 1969; Ricci Lucchi, 1975a; Ricci Lucchi, 1975b; Ricci Lucchi, 1978; Gandolfi et al., 1983; Ricci Lucchi, 1983; Argnani and Ricci Lucchi, 2001; di Biase and Mutti, 2002; Roveri et al., 2002; Lucente, 2004) . Sediments were primarily sourced from fluviodeltaic systems of the Alpine chain to the north, forming turbidity currents running SE as axial flows, with subsidiary calcareous flows termed "Colombine" by Ricci Lucchi and Valmori (1980) , which were sourced from carbonate platforms in the south, and mass-transport complexes (MTCs) locally derived from the propagating Apennine thrust front (Ricci Lucchi, 1975b; Ricci Lucchi, 1978; Gandolfi et al., 1983; Ricci Lucchi, 1983; Ricci Lucchi, 1986; Lucente, 2004; Amy and Talling, 2006; Lucente and Pini, 2008) .
Deposition in the basin has been broadly divided into two gross units. The older (Burdigalian to Serravallian) unconfined to poorly confined stage, is termed the "inner" basin (Ricci Lucchi, 1983) . Although still much debated, thrusts may have been active in the Burdegalian to lower Serravallian (Tinterri and Muzzi Magalhaes, 2011) , but individual flows may be traced over 120 km and a wide (>60 km) and low gradient basin plain is envisaged (Ricci Lucchi and Valmori, 1980; di Base and Mutti, 2002; Amy and Talling, 2006) . Increasing tectonic confinement is inferred from progressive segmentation and narrowing of the basin in the upper Serravallian (Tinterri and Tagliaferri, 2015) , leading to the deposition of lobe systems . Subsequent Tortonian age deposits form the "outer" basin stage (Ricci Lucchi, 1983) , coinciding with a basin compartmentalisation due to syndepositional structural high growth, leading to channelised turbidite systems (Ricci Lucchi, 1983) . As development of the Apennines continued, a progressive shallowing of the basin occurred into the Messinian, ultimately leading to closure of the basin .
Subsequently the basin has been deformed and segmented by ongoing thrusting and uplift to form the studied outcrops .
Deposition of the studied interval occurred above the Contessa marker bed, during the Serravallian "inner stage" (Fig. 1b; Amy and Talling, 2006; Talling et al., 2007; Muzzi Magalhaes and Tinterri, 2010; Tinterri and Muzzi Magalhaes, 2011; Sumner et al., 2012; Talling et al., 2012; Tinterri and Tagliaferri, 2015) . The studied deposits are concentrated in the Santerno to Bidente depocentre, which is separated from a southern depocentre by the Verghereto High (Fig. 1a; Ricci Lucchi and Valmori, 1980; Amy and Talling, 2006) . Excellent field mapping by the Italian Geological Surveys has allows key marker beds to be traced across the study area and gives confidence in correlation between outcrops. This permits components of submarine fans, including lobes to be subdivided into their various depositional elements.
Methodology

Sampled intervals
This study considered Units II-V of the Marnoso-Arenacea Formation described in detail by Muzzi Magalhaes and Tinterri (2010) . However, not all of their lithofacies and elements were studied, instead focusing on the primary turbiditic components of basin floor fans. Masstransport deposits were not investigated as they provide information regarding the remobilized material rather than the final environment of deposition. Seven sections were logged at 1:50 scale, totalling 871 m thickness to allow recognition of lithofacies, lithofacies associations consisting of groupings of related lithofacies, which can be interpreted to represent depositional environments. Studied sections comprised:
•
A lower Serravallian interval of Units III and IV of Muzzi Magalhaes and Tinterri (2010), above the Contessa marker bed (Fig. 1b) , describing a relatively proximal section at Coniale, in the Santerno Valley, an intermediate section comprising the lower portion of the Sambuca Road ( Fig. 1a ) and a more distal equivalent at Cabelli in the Bidente Valley ( Fig. 1a ).
The upper Serravallian Unit IV of Muzzi Magalhaes and Tinterri (2010) interval between the Susinello and Casaglia MTCs ( Fig. 1b ), including one proximal section located on the Sambuca Road, and one distal section in the Mandrioli Pass ( Fig. 1a ).
The upper Serravallian Unit V of Muzzi Magalhaes and Tinterri (2010) sections located above the Casaglia MTC ( Fig. 1b) , being a proximal section near Firenzuola, the upper part of the Sambuca Road and a relatively more distal equivalent in the Civitella di Romagna area ( Fig. 1a ).
The marls of the Verghereto region ( Fig. 1a ), which are correlative with Unit V of Muzzi Magalhaes and Tinterri (2010).
Palynological processing
One hundred and thirty-five samples, each 10 g, were collected in conjunction with sedimentary logging of sections. Samples were impartially taken at regular intervals (minimum of 5 m) from clean, fresh outcrop, and were taken from mudstone to avoid a lithological influence on the organic matter. Samples were primarily taken from the turbidite component of mudstones, except in locations where this was not present and hemipelagic mudstone was instead collected. The sampling strategy was planned to assess both lateral and vertical variations in palynofacies, by means of sampling correlated sections.
A standard processing technique (Table 1) to have been transported a reasonably long distance and relatively autochthonous marine debris ( Fig. 2 ). Groupings are sorted by their inferred density as described by Muller (1959) , Cross et al. (1966) , Traverse and Ginsburg (1967) , Chaloner and Muir (1968) , Riley (1970 ), Davey (1971 , Koreneva (1971) , Davey and Rogers (1975) , Batten (1982) , Tyson (1984 ), Kohl (1985 , Boulter and Riddick (1986) , van der Zwan ( (2008) and Baudin et al. (2010) . Fungal material was not subdivided (sensu Boulter and Riddick, 1986) , and well-preserved wood and parenchyma were also grouped (sensu van der Zwan, 1990) . All slides, residues, and samples are housed in the Marleni Marques Toigo
Laboratory of Palynology at UFRGS, Porto Alegre, Brazil.
Statistical analysis
Fuzzy C-means (FCM) cluster analysis is a data investigation and classification tool, which identifies entities, in this case samples, with similar compositions. Termed fuzzy due to fact that samples can have an association with multiple clusters, as opposed to hard clustering techniques such as correspondence analysis, making FCM ideal for datasets with high degrees of similarity between samples (Gary et al., 2009) . This is important for large, gradational palaeoentological datasets, which often include samples that are transitional between hard clusters (Gary et al., 2009; Daly et al., 2011; Erbs-Hansen et al., 2011 Churchill et al., 2016; McArthur et al., 2016b) . This methodology is particularly appropriate for the Marnoso-Arenacea dataset, which aims to examine the changes in sedimentation from turbidity currents that graded across an area in excess of 3600 km 2 ( Fig. 1 ; Muzzi Magalhaes and Tinterri, 2010) .
Therefore this method was chosen over relatively more simple hard clustering techniques.
FCM was performed using the Technical Alliance for Computational Stratigraphy (TACSworks) software. FCM is an investigative technique used to identify clusters of samples with related configurations (Zadeh, 1965) . Each data point (sample) may belong to any cluster, permitting representation of samples that are gradational between multiple clusters (Gary et al., 2009) . Conditioning the FCM model is an iterative process, with the one disadvantage of FCM over hard clustering methods being the time required to condition the dataset and identify the correct number of clusters. We followed the process espoused in Gary and others (2009) and illustrated in Churchill and others (2016) .
The fuzzy exponent was varied between a hard cluster (1.1), which is close to traditional clustering techniques, and a soft cluster (3.0), where memberships to clusters tend to be highly gradational, in order to better understand the data structure and provide a guide to constraining the FCM parameters. Two criteria are used to judge the best amount of clusters, being compaction and separation (Gary et al., 2009) . Compaction refers to sample density around each of the cluster centres, with compact clusters being preferred, as samples associated with a cluster will be well represented by the characteristic biota. Separation is a measure of the degree of uniqueness of the cluster centres; cluster centres that are too close will be difficult to separate, therefore some cluster separation is preferred although the clusters will in most likelihood overlap given most depositional and environmental systems display a degree of gradation. This is the main benefit of using the FCM approach.
Seven clusters were identified as the optimum solution, using an optimal fuzzy exponent value of 1.5. If more clusters were defined then model integrity was lost as similarity was too high; less clusters reduced the ability to investigate the dataset as the similarity between clusters was too high. Each defined cluster is characterised by their dominant component (organic matter type), which is identified by the cluster centroids ( Table 2 ). The membership of each sample to each cluster is expressed from 0 to 1, where 0 is no relation and 1 is the same.
The output is the percentage to which each sample belongs to each cluster, which can then be used to examine sets of samples with similar properties. See Gary and others (2009) for a detailed explanation of the FCM methodology.
Sedimentology
Many sedimentological studies of the Marnoso-Arenacea Formation have been conducted over the previous fifty years (see Muzzi Magalhaes and Tinterri, 2010 and references within; Tinterri and Muzzi Magalhaes, 2011; Sumner et al., 2012; Talling et al., 2012; Dall'Olio et al., 2013; Talling et al., 2013; Amy et al., 2015; Malgesini et al., 2015; Tinterri and Tagliaferri, 2015; Felletti et al., 2016; Tagliaferri and Tinterri, 2016) . This allowed high resolution logging and sampling to be carried out to identify key depositional environments represented in the Marnoso-Arenacea Formation. Although workers such as Amy and Talling (2006) and Muzzi Magalhaes and Tinterri (2010) recognised a wider range of deposits, the focus of this study was the turbidites.
Depositional environments
By grouping lithofacies, observations of their occurrences and relationships allow us to define specific depositional sub-environments of the system. Each element shows subtle variations across the basin, such as the dominant grain size, degree of bed amalgamation, thickness of mud-caps, and net to gross (N:G). These and other factors have been used by previous workers to subdivide the siliciclastic stratigraphy into relatively proximal to distal settings from NW to SE (Ricci Lucchi, 1975a; Ricci Lucchi and Valmori, 1980; Ricci Lucchi, 1985; Mutti et al., 2003) . Work by Muzzi Magalhaes and Tinterri (2010), Tinterri and Muzzi
Magalhaes (2011), Tinterri and Tagliaferri (2015) , Tagliaferri and Tinterri (2016) and Tinterri and others (2016) have also recognised the influence of growth structures on the stratigraphy, which also influenced the distribtion of sub-environments in the upper Serravalian stage of the basin fill.
Depositional environment A -Lobe axis (Fig. 3)
Observations: Thick-bedded turbidites (>80 cm), dominantly comprised of laterally continuous sandstones occurring in sheet-like beds (lithofacies F8 of Mutti et al., 2003) , often amalgamated into packages meters to tens of meters thick ( Fig. 3 ). Amalgamations of beds are marked by subtle grain size breaks or mud-clast rich horizons, and this element shows the highest N:G of those studied here. When present, finer grained caps (lithofacies F9 of Mutti et al., 2003) may be up to 50 cm thick, and consist of silty cross-laminations ( Fig. 3 ), often with a concentration of plant debris. Bioturbation is common including large burrows such as
Ophiomorpha. Sole marks are directed towards SE . The northern, more proximal areas of the basin, e.g. Firenzuola, commonly show the highest N:G and degree of bed amalgamations, dominantly coarse to medium grain size, a high proportion of beds with scoured bases and mudstone clasts ( Fig. 3 ) and finer grained caps up to 15 cm thick. The central portions of the basin, e.g. Sambuca, commonly show beds with an upper, finer-grained sand-to siltstone portion (lithofacies F9 of Mutti et al., 2003) up to 50 cm thick, having a marginally lower N:G (c. 90%), and are dominantly medium to fine-grained. Although scours are present they are shallower than in northern sections and mud-clast intervals are rare.
This element was not observed in southern area of the basin.
Interpretation: Lobe axis -This association of thick-bedded, sheet-like, laterally continuous turbidites, mainly consisting of sandstones are interpreted as the deposits of high (Bouma Ta) and low density (Bouma Tbc) turbidity currents, representing lobe axis deposits.
These deposits correspond to Unit V described by Muzzi Magalhaes and Tinterri (2010) and are dominated by Type 4 beds of Muzzi Magalhaes and Tinterri (2010), which they interpreted as normal graded beds deposited from waning and depletive flows. In the northern Firenzuola area the coarse grain size, degree of scour, and bed amalgamations implies these represent the relatively proximal portion (Ricci Lucchi, 1975a), which may have been preferentially ponding in bathymetric lows (Tinterri and Tagliaferri, 2015) . Lack of, or very thin, fine-grained caps imply upper portions of flows were bypassing to more distal parts of the basin or were removed by erosional processes due to subsequent flows, the former explanation being favoured by Tinterri and Tagliaferri (2015) and used to illustrate flow stripping by confinement. Moving SE to the Sambuca area ( Fig. 1 ), a reduction in average grain size, relatively thinner scour depths, and a reduced degree of bed amalgamation imply transition to the intermediate portion of the basin (Ricci Lucchi, 1975a; Ricci Lucchi and Valmori, 1980) .
Depositional environment B -Lobe fringe (Fig. 3)
Observations: Dominantly graded, and structured turbidite beds with medium to thinbedded basal sandstones (lithofacies F8 to F9 of Mutti et al., 2003) capped by turbidite mudstone in packages up to 10 m thick ( Fig. 3) . Showing a relatively high N:G, being up to 70% sandstone in graded beds up to 1 m thick, with typically subordinate mudstone cap division no more than 20 cm thick ( Fig. 3) . Thicker (>1 m) sandstones (lithofacies F8 of Mutti et al., 2003) are rarely interbedded (Fig. 3 ). Beds have a laterally extensive sheet-like distribution over hundreds of meters, with sharp, flat basal contacts. Loading of sandstone into underlying mudstones is common. Mud-clast debrites occur very rarely in this element.
Bioturbation is pervasive throughout the sand-and mudstones, but not in the debrites. These deposits typically grade up from thick-beds of the lobe axis ( Fig. 3 ). This element is typically thickest in central portions of the basin (e.g. Sambuca), where it has a moderate N:G, graded sandstone to mudstone beds thinner than 75 cm, and thick sandstones are rare. In the northern portions (e.g. Firenzuola), beds are typically thicker and F8 type beds are more commonly intercalated. These packages are also present in the southern areas of the basin (e.g. Civitella),
where N:G is lower, with mudstone caps representing up to 50% of the beds; and thicker F8 type sandstones are very rare.
Interpretation: Lobe fringe -These dominantly medium-to thin-bedded turbidite sandstones, capped by variable amount of turbidite mudstone, with occasional thick-bedded sandstones, which typically grade up from thicker lobe axis deposits are interpreted as the deposits from low density turbidity currents (Bouma Tbe) on a lobe fringe (sensu Prelat et al., 2009 ). As with the associated thick-beds of the lobe axis, these deposits are contained within Unit V of Muzzi Magalhaes and Tinterri (2010) . Given these deposits grade from the lobe axis deposits, they should not be confused with the reflected beds of Muzzi Magalhaes and Tinterri (2010), but reperesent a sub-division of their lobes. Although often disrupted by bioturbation, the structures and range of grain sizes within the mudstone intervals implies the mud-caps were primarily deposited from turbidity currents. The mud clast debrites are interpreted to represent hybrid event beds (sensu Haughton et al., 2003) . The reduction in N:G, decreasing abundance of thick-beds, and increasing proportion of thin-bedded turbidites from NW to SE indicates a transition from proximal to distal portions of the basin (Ricci Lucchi, 1975a; Ricci Lucchi and Valmori, 1980) .
Depositional environment C -Fan fringe (Fig. 4)
Observations: Graded turbidite beds 20-100 cm thick (Lithofacies F9 of Mutti, 2003) and hemipelagic mudstones, give rise to mudstone dominated successions (N:G <30%), meters to tens of meters thick (Fig. 4 ). Sandstones of are typically <20 cm thick and show extensive traction structures before grading into mudstones. These packages are laterally extensive over hundreds of meters across any one outcrop. Sandstones may show dewatering and loading into underlying mudstones. Turbidite mudstone caps are typically dark grey and laminated, but often grade into a pale-grey, massive, calcareous, upper component ( Fig. 4) . Rarely, mud clastdebrites up to 1 m thick were encountered, with clasts up to 1 m long. Bioturbation is common in sandstones and mudstones but not in the debrites. This association is present in northern (e.g.
Coniale) and central portions of the basin (e.g. Sambuca). However, it is most prevalent in southern sections (e.g. Cabelli), where the mud-caps are thicker and contain higher proportions of hemipelagic mudstone when compared to central sections, where N:G is higher and the proportion of hemipelagites is lower (Ricci Lucchi and Valmori, 1980) .
Interpretation: Fan Fringe -These mudstone dominated packages, with abundant hemipelagic mudstone and turbidites with basal medium to thin-bedded sandstones and rare debrites, are interpreted as fan fringe deposits (sensu Bouma and Rozman, 2000) . Sandstones and laminated mudstones are interpreted to have been deposited from low density turbidity currents (Bouma Tbe), whilst light grey mudstones are hemipelagites (Talling, 2001) . The studied deposits span Units III-IV of Muzzi Magalhaes and Tinterri (2010), which they note has a high proportion of hybrid event beds, as well as the thin-bedded turbidites, which is in keeping with the interpretation of a fan fringe (Kane et al., 2017) . Correlations presented by Muzzi Magalhaes and Tinterri (2010) demonstrate that the passage from thick-into thin-beds occurs through a progressive thinning and fining of the beds. Mud-clast rich beds are interpreted as hybrid event bed deposits (sensu Haughton et al., 2003) . Mud-clasts tend to show a massive structure and light grey colour, similar to in-situ hemipelagic mudstone. Here they can be observed to grade out from dominantly medium bedded, sandstone rich lobe fringe deposits and are commonly terminated by overlying thicker bedded deposits (Fig. 5 ).
They do not show significant variation in thickness or structures across the basin.
Interpretation: Contained interlobes -These turbidite mudstone dominated intervals are interpreted the result of containment of turbidity current suspensions clouds (sensu Patacci et al., 2015) , during periods of low sediment supply to the basin. I.e. these are the deposits between successive lobes (sensu Mulder and Etienne, 2010) , when only dilute turbidity currents were being supplied to the basin. Being associated with the Unit V lobes of Muzzi Magalhaes and Tinterri (2010), they are inferred to have been deposited during increasing confinement of the basin. That they grade from and are truncated by thicker beds of the lobe axis and lobe fringe, indicates they were deposited in the same subtle bathymetric lows as the sand-rich lobe elements . Care must be taken to differentiate these deposits from fan fringe and basin plain type deposits, which contain hemipelagic mudstones. (Fig. 6) Observations: Hemipelagic mudstone dominated packages tens to hundreds of meters thick (Fig. 6) . Turbidite beds intercalated with the hemipelagic mudstone consist mainly of lithofacies F9 of Mutti (2003) . Beds are laterally continuous and may be traced across outcrops over hundreds of meters, but N:G is typically <10%. Turbidite beds are typically graded, sometimes initiating with a thin (<10 cm) sandstone or more commonly a very thin (<3 cm), very fine-grained sandstone or siltstone, grading to laminated turbidite mudstone and massive hemipelagic mudstone. The sand-to siltstone component may show traction structures such as ripples or cross-lamination ( Fig. 6 ). Tinterri and Muzzi Magalhaes (2011) note that many of the thin turbidites show combined flow structures, such as biconvex ripples with sigmoidalcross laminae and small-scale hummocky-type structures. Rarely, isolated thicker sandstones (F8 of Mutti, 2003) , mud-clast debrites, and argillaceous sandstones occur (Fig. 6 ), but represent <12% of this depositional environment. Bioturbation is widespread but low intensity.
Depositional environment E -Basin plain
This element is present in central portions of the basin (e.g. Sambuca), in packages <10 m thick, but becomes the prevalent deposit in the southern areas of the basin, for example in the Mandrioli Pass (Fig. 1) . The Mandrioli section is almost one kilometre thick, where hemipelagic mudstone commonly represents >50% (Fig. 6) .
Interpretation: Basin plain -This association of mudstone dominated heterolithics, hundreds of meters in thickness is interpreted to represent background sedimentation on the basin plain (Ricci Lucchi, 1975a) . Alternatively Muzzi Magalhaes and Tinterri (2010) proposed these style of deposits to represent sedimentation in close proximity to confining structures, but still on the basin plain. Either way, the intervals are dominated by hemipelagic sediments, which denote large time periods, when compared to the near instantaneous turbidite deposits. Thin-bedded turbidites represent sporadic run-outs of turbidity currents that were likely depositing the majority of their load in the primary depocentre of the basin (Tinterri and Muzzi Magalhaes, 2011) . The rare, isolated thicker sandstone beds represent less frequent large events, which were able to spread out and deposit across the whole of the basin (Ricci Lucchi, 1978; Ricci Lucchi and Valmori, 1980; Amy and Talling, 2006; Talling et al., 2007; Sumner et al., 2012) , which may relate to pulsating combined waning flows (Muzzi Magalhaes and Tinterri, 2010) . The thin, argillaceous sandstones, which may or may not show mud clasts deposits are associated with the turbidites, corresponding to tripartite beds of Muzzi Magalhaes and Tinterri (2010) . The sediments in question are found in Units III-IV of Muzzi Magalhaes and Tinterri (2010) Observations: Mudstone dominated successions tens of meters thick (Fig. 7) . Rare, thin sandstones (<5 cm) grading to siltstones and turbidite mudstones up to 20 cm thick are present, but these intervals are dominated (>90%) by hemipelagic mudstones, having the lowest N:G of the described elements. Deformation of these deposits in the form of slumps and slide scars are evident. Bioturbation is commonly intensive and may destroy any primary depositional structures. This element typically sits above MTCs or areas inferred to have been intra-basinal highs during deposition, e.g. Verghereto (Ricci Lucchi and Valmori, 1980; Amy and Talling, 2006; Tinterri and Tagliaferri, 2015) .
Interpretation: Starved highs -These hemipelagic dominated successions, with the lowest observed N:G of any element and an association with areas inferred to have been bathymetric highs that were starved of sediment supply (Amy and Talling, 2006) . These sections coincide with Unit V of Muzzi Magalhaes and Tinterri (2010), when it is inferred that growth structures had resulted in development of the bathymetic highs, with only thin and dilute turbidity currents able to surmount the highs. Slumps and slides indicate deposition on a slope, with periodic failure of the fresh sediment.
Palynofacies of basin floor fans
Palynofacies
In general, palynofacies of the Marnoso-Arenacea Formation are dominated by palynowafers ( Fig. 2) . However, fifteen other categories of organic matter were encountered (Fig. 2) . The proportion of palynowafers to the other particles, their relative ratios, and the dimensions of particles can be used to characterise the depositional environment based upon their palynofacies associations. Data is displayed both in its raw format to view stratigraphic trends ( Fig. 8 ), but also as box and whisker charts, demonstrating the proportions of particulate organic matter for each depositional environment ( Fig. 9 ). (Fig. 10A and B) Samples taken from the axis of lobes demonstrate moderately poorly-sorted assemblages, typically with at least half the sample being comprised of large fragments (up to 300 µm) of palynowafers ( Fig. 8 and 9 ). Lesser occurrences of degraded brown wood and amorphous organic matter (AOM) are the other main constituents ( Fig. 8 and 9 ). Miospores show a relatively high diversity, including large rugose forms and smaller simple forms; spores may show mechanical damage and are normally at least partially pyritized. Dinoflagellate cysts were very rarely observed and have a low diversity; cysts often display mechanical damage inferred to have occurred during transport and are also usually pyritized. Samples may be subdivided into those collected in the proximal, northern sections (e.g. Firenzuola) and the intermediate, central sections (e.g. Sambuca) ( Fig. 8 and 9 ). This demonstrates a down-fan reduction in the proportion of degraded and well-preserved wood, with increases in palynowafers, miospores, fungi and AOM ( Fig. 8 and 9 ). Opaque equant phytoclasts also decline moving south, with those in proximal samples up to 200 µm in diameter (Fig. 10A) , whilst those in intermediate sections are less than 80 µm (Fig. 10B) . (Fig. 10C -E) Samples from the lobe fringe show moderately poorly-sorted assemblages ( Fig. 8 and   9 ). Samples are dominated by palynowafers, AOM, and degraded wood ( Fig. 8 and 9 ).
Depositional environment A, Lobe axis
Depositional environment B, Lobe fringe
Miospores show a relatively high diversity, including some larger forms, but are generally represented by small, simple spores, which are often pyritized. Dinocysts, although rare and pyritized show a range of both cavate and proximate forms. Three trends are apparent moving from proximal to distal settings (Fig. 8; 9 and 10C-E), with downstream reduction in degraded and well-preserved wood (Fig. 10C ), reduced palynowafers in intermediate samples ( Fig. 8 and   9 ) and AOM being most abundant in intermediate samples (Fig. 10D ). Equant particles are generally smaller than in the lobe axis, reaching a maximum of 100 µm and no more than 25 µm in distal samples. (Fig. 10F -H) Fan fringe samples demonstrate the most poorly-sorted palynofacies assemblages ( Fig.   8 and 9 ). Although still dominated by palynowafers, they typically represent less than half of the assemblage, particularly in intermediate and distal samples ( Fig. 8 and 9 ). This subenvironment records the highest counts of palynomorphs ( Fig. 8 and 9 ), which show a moderate diversity; miospores are typically small, simple, round spores, whilst dinoflagellate cysts typically show cavate forms, and marine algae are normally present ( Fig. 8 and 9 ). Samples from the fan fringe show a downstream reduction in palynowafers, increase in well preserved wood ( Fig. 10F -H) , whilst AOM peaks in intermediate sections (Fig. 8) . Particle size is notably smaller than previous elements, reaching a maximum of 25 µm in proximal sections, reducing to 20 µm in intermediate sections, and 16 µm in distal samples. (Fig. 10I) Contained interlobe samples are well-sorted, consistently have the highest counts of palynowafers and excepting hemipelagite samples, the lowest counts of degraded and well preserved wood particles ( Fig. 8 and 9 ). They have the lowest proportion of AOM of the studied sub-environments ( Fig. 9 ). A very low diversity of palymorophs was observed, with miospores restricted to small, simple forms and dinocysts rarely observed. Trends are subtle, with the most apparent being a reduction in dinoflagellate cysts from proximal to distal ( Fig. 8 and 9 ).
Depositional environment C, Fan fringe
Depositional environment D, Contained interlobe
Particle sizes are generally small (Fig. 10I ), but do not show significant variation down-fan, reducing from a maximum of 23 µm in proximal sections to 18 µm in distal samples. (Fig. 10J) Basin plain samples show moderate sorting ( Fig. 8 and 9 ), being dominated by palynowafers, with lesser representation of AOM, and well-preserved wood (Fig. 10J ). The abundance of well-preserved wood in this element may be related to its distal nature, with Boulter and Riddick (1986) indicating it can be retained in suspension longer than degraded wood. Palynomorph diversity is moderate, with low diversity of pollen and spores, but dinocysts show both cavate and proximate forms, and marine algae and bisaccate pollen are present in all samples. Particles are the smallest of any turbidite element, reaching a maximum of 15 µm.
Depositional environment E, Basin plain
Depositional environment F, Starved highs
Samples from the hemipelagic dominated starved highs show a marked contrast to those collected from turbidite mudstones in the other depositional environments, being well-sorted and dominated by AOM ( Fig. 8 and 9 ). Samples are rich in dinoflagellate cysts, with minor phytoclasts (Fig. 8 and 9) . Dinocysts show the largest diversity in types for any subenvironment, but miospores are limited to small, simple forms. The long axis of equant phytoclasts shows a maximum of 13 µm.
Statistical analysis
Given the complex, gradational nature of studied sub-environments and the inherent variability of turbidity currents passing over such a large area, statistical investigations of particle variation are required. As outlined in the methodology (section 3.3) FCM was applied ( Fig. 11) , being ideal for handling large and gradational biofacies datasets (Gary et al., 2009; Martin et al., 2013) . All clusters are dominated by palynowafers to a varying degree (Fig. 11 ), but show variations in the other dominant matter types ( Table 2 ). The fact that palynowafers dominate every element (barring the starved sections), indicates that the secondary, and tertiary constituents should be analysed to examine the dataset.
Cluster 1 shows the strongest affinity with palynowafers, with a cluster centroid value of 75.3 (Table 2) Cluster 6 shows the highest representation by degraded wood (cluster centroid value 20.1), though dominated by palynowafers with a cluster centroid value of 39.1, and AOM (cluster centroid value 15.6). Cluster 7 shows the strongest relationship with well-preserved wood (cluster centroid value 7.1), but is dominated by palynowafers (59.0), and degraded wood (16.9).
Proximal lobe axis samples show the highest membership in cluster 6 and a lesser membership in cluster 7 (Fig. 11) , being poorly-sorted, but rich in palynowafers and wood fragments. Intermediate lobe axis samples show most membership in clusters 4 and 2 (Fig. 11) ,
having increased palynowafers and decreased wood compared to the proximal equivalent.
As with the lobe axis, proximal lobe fringe samples show highest membership in cluster 6, but also show membership in clusters 3 and 5 (Fig. 11) , being rich in palynowafers and degraded wood. Intermediate lobe fringe samples have the highest membership in clusters 3 and 1 (Fig. 11) , with increased AOM, decreased palynowafers, and less degraded wood compared to their proximal expression. Distal lobe fringe samples display highest membership in clusters 3 and 2 (Fig. 11) , being almost entirely dominated by palynowafers.
Proximal fan fringe samples are dominantly represented in cluster 2 (Fig. 11) , having the highest proportion of palynowafers. Intermediate fan fringe samples have highest membership in clusters 1 and 4 ( Fig. 11) , having amongst the lowest palynowafers of any environment and higher AOM. Distal fan fringe samples have the most membership in clusters 7 and 4 ( Fig. 11) , having poorly-sorted assemblages.
The proximal contained interlobe is best represented in cluster 2, but also with strong membership in clusters 4 and 5 (Fig. 11 ), being rich in palynowafers but with near even representation in the other matter types (Fig. 9 ). Intermediate contained interlobe samples are also dominated by cluster 2, with minor membership in cluster 3 (Fig. 11) , also being rich in palynowafers, but with reduced AOM compared to the proximal contained interlobe. The distal contained interlobe samples show greatest membership in clusters 2, 5, and 3. Basin plain samples show greatest membership of cluster 5 (Fig. 11) being dominated by palynowafers and lesser AOM.
Discussion
6.1 Distribution of particulate organic matter in basin floor fan turbidite systems
The foredeep of the Proto-Adriatic basin was clearly a marine basin, as confirmed by the presence of diverse dinoflagellate cysts and marine algae. However the abundance of terrestrially derived particulate organic matter implies significant supply of material from a nearby landmass. Provenance and palaeocurrent data indicate that the majority of the studied turbidites were sourced from multiple points along a wide shelf developed to the north of the Marnoso-Arenacea basin (Ricci Lucchi and Valmori, 1980; Gandolfi et al., 1983; Ricci Lucchi, 1983; Mutti et al., 2002; Muzzi Magalhaes and Tinterri, 2010) . This is consistent with our results, which demonstrate an abundance of degraded terrestrial organic matter that may have been stored in deltaic and shelf environments, before being supplied to the deep-sea. Along continental margins, the highest concentrations of organic matter are commonly found near the shelf edge (Shepard, 1956; Muller, 1959; Uchupi and Jones, 1967; Parry et al., 1981) , the area where turbidity currents triggered by sediment failure, or oceanographic processes most likely originate (Reading and Richards, 1994) .
A large variety of factors have been inferred to influence the distribution and preservation of organic matter in marine environments (Zonneveld et al., 2010) , with currents, local vegetation, and oxygenation being identified as the key factors (Tyson, 1995; Jäger and McLean, 2008) . However, given the studied turbidites had similar source areas and levels of oxygenation are inferred to have been relatively uniform across the basin, the different behaviour of turbidity currents are implicated as the primary control on the palynofacies. It is known that turbidity currents may entrain organic matter and carry them down-fan (e.g. Muller, 1959; Cross et al., 1966; Caratini et al., 1983; Tyson, 1984; Boulter and Riddick, 1986; Stanley, 1986; Heusser, 1988; Caratini, 1994; Tyson, 1995; Hoorn, 1997; Oboh-Ikuenobe and Yepes, 1997; Oboh-Ikuenobe et al., 1999; van der Kaars, 2001; Beaudouin et al., 2004; Hooghiemstra et al., 2006; Baudin et al., 2010; Schiøler et al., 2010; Biscara et al., 2011; Stetten et al., 2015) .
Turbidity currents are capable of transporting organic particles for hundreds of kilometres (Caratini, 1994) , during which hydrodynamic sorting of particles occur, based upon particle size, density, shape, and texture ( Fig. 2; Muller, 1959; Cross et al., 1966; Traverse and Ginsburg, 1967; Holmes, 1994) . Therefore the smallest, lightest material has the greatest potential for transportation by turbidity currents and vice versa. The abundance of palynowafers observed in the studied succession is not unexpected; particulate organic matter in turbidite lobes of the modern Congo Fan are dominated by "well-preserved translucent plant fragments" (Stetten et al., 2015, p.186) and may be explained by the following factors:
1) Source area -Storage in a broad shelf, as proposed by Mutti (2003) before transport to the deep-sea may have led to the observed concentration of palynowafers. In addition to concentrating organic matter in the outer shelf environment, a relatively long residence time on the shelf may also explain the observed abundance of palynowafers compared to other phytoclasts, since shallow marine processes break down cuticle to fine fragments (Spicer, 1989) .
2) Resistant nature of palynowafers -Cutan, the main component of plant cuticle, is considered to be highly resistant to both biological and mechanical degradation in marine environments (Staplin, 1969) . The relatively uniform dark grey colour of sampled turbidite mudstones and the pervasive bioturbation observed in the sediments implies a relatively well oxidised basin plain, which may lead to increased bacterial degradation of organic matter.
Cuticle is considered indigestible by bacteria and most forms of fungi (Tyson, 1995 and references within), hence it may be preferentially preserved in oxic marine environments.
Palynowafers are also more resistant to mechanical breakdown than more brittle humic phytoclasts (Neavel, 1981) . This mechanical resistance may lead to relative enrichment of palynowafers over other organic particles, given potential transport in fluvio-deltaic systems, relatively long residence time in shallow marine settings, and transport of tens to hundreds of kilometres by turbidity currents (Mutti, 2003) .
3) Relatively distal nature of terminal basin floor fans -Palynowafers are the most buoyant phytoclast type (Fig. 2) , with their thin, platy nature retarding settling (Boulter and Riddick, 1986) . This allows palynowafers to remain in suspension at low energy and to be transported into the relatively distal areas of submarine fans, where they may become concentrated relative to other types of organic particles. McArthur et al. (2016a) reported relatively proximal slope channels to be dominated by the denser types of phytoclasts, with the inference that the lighter fraction, such as palynowafers, had bypassed down slope, i.e. to basin floor fans as is evidenced by the present study.
Nonetheless, the variation in relative proportions of palynowafers and other organic particles may yield insights into the depositional sub-environments. Although dominated by terrestrial particles, each element also contains marine particles (Fig. 9 ). This may be due to storage on the shallow marine shelf, which commonly shows abundance of marine AOM and is also where the largest diversity of dinoflagellate cysts are to be found (Caratini, 1994) .
However a general enrichment of marine to terrestrial particles is seen in lobe axis to fan fringe transects ( Fig. 8) , which may be the result of mixing ambient seawater with the passing turbidity current, or erosion and entrainment of sea-floor sediment by passing currents.
Palynofacies classification of basin floor fans
The distribution of organic particles in the Marnoso-Arenacea Fm. reflects the various sub-environments of the submarine fan system and allows us to extend our classification scheme to help in the predictions of depositional environments within basin floor fans (Table   3 ; Fig. 12 ). Due to the nature of submarine fans, formed by repeated, essentially similar flows initiating at distance and depositing material across a wide area in a gradational pattern (Ricci Lucchi and Valmori, 1980; Ricci Lucchi, 1983; Ricci Lucchi, 1986; Mutti et al., 2003; Prelat et al., 2009) , gradual down depositional dip variation in the organic matter of the turbidites may be expected. However, as described by Muzzi Magalhaes and Tinterri (2010) , the Marnoso-Arenacea basin floor was not entirely flat, nor would one expect any area of the deepsea to be, and subtle interactions with bathymetry may also have influenced the flow of turbidity currents and their deposits.
Beds associated with the highest density turbidity currents, being those deposited in the lobe axis, have the largest particles and highest proportion of dense organic particles (Fig. 12 ).
As flows passed across the basin, they inevitably lost energy (Kneller, 1995) and their ability to retain large and dense particles in suspension was reduced, giving ever higher proportions of smaller and lighter material through the remaining down-flow depositional elements (Fig.   12 ). As a consequence, lobe fringe areas show reduced proportions of the densest terrestrial matter and a marked reduction in size, typically being less than half the size of lobe axis particles (Table 3) . This is interpreted to represent the deposition of larger, denser particles upstream. Particle size continues to reduce into the fan fringe sub-environment, which sees a marked reduction in sorting (Table 3) as palynomorphs and marine matter became mixed with the terrestrial phytoclasts. Basin plain deposits show a reduction in particle size and less variety of particles. As such it appears the optimum area for the deposition of palynomorphs is in fan fringe or contained interlobe areas.
Contained interlobe deposits may be considered similar to the fan fringe, representing areas of reduced sediment supply; however they show markedly higher proportions of terrestrial material than the fan fringe deposits. This is interpreted as the result of the trapping of suspension clouds, leading to a concentration of terrestrial matter, as opposed to the fan fringe sub-environment, where flows are simply running out from one system and potentially mixing with local marine matter.
A sharp contrast between the palynowafer dominated turbidite elements and the AOM dominated hemipelagic sediments ( Fig. 9) can be explained by the difference in sedimentation.
Sediments deposited by turbidity currents are rich in terrestrial organic matter supplied from the hinterland and entrained in flows. Hemipelagic sedimentation on the other hand merely represents the fallout of out background marine matter.
The influence of increasing confinement upon the system (Tinterri and Tagliaferri, 2015) , particularly the effects of flow stripping, remains to be explored. In theory, this may lead to preferential concentration of denser particles in up-dip areas of a system, however given the studied organic matter is contained within the suspension clouds of turbidity currents, this may actually lead to an increased concertation of organic matter down-dip.
Comparison with other studies
The palynofacies associations described here can be compared with other documented examples from deep-marine systems. Slope channel-levee systems described by McArthur et al. (2016a) and confined mini-basins described by McArthur et al. (2016b) demonstrated the same types of matter and decay in the density of particles away from sediment conduits (Fig.   13 ). However the distribution and proportions of organic matter between the various depositional environments presented by each system are markedly different (Fig. 13) . Channellevee systems present much higher ratios of the densest types of matter throughout (McArthur et al., 2016a) , and even the relatively channel distal elements of external levees are unlike the basin floor fan deposits examined here (Fig. 13) , despite the sedimentologically similar nature of these thin-bedded elements. The densest fraction of the organic matter, which is abundant in levees, is barley recorded in the Marnoso-Arenacea deposits (Fig. 8) .
Although sedimentologically more comparable (Fig. 13) , turbidites confined in minibasins also demonstrate relatively higher proportions of denser particles than observed in the studied basin floor fan (McArthur et al., 2016b) . Even the distal thin-bedded elements described are dissimilar, containing much more AOM than the palynowafer dominated thinbeds studied here (Fig. 13 ). This is likely an effect of the confined nature of the mini-basins, where all the matter becomes trapped and forced out of suspension due to its inability to surmount the basin bounding topography. In the present example, on the contrary, flows were simply grading-out distally without being halted by any flow confinement.
The simplest explanation for the variation in the observed organic particles is the relative distance particles have been transported by turbidity currents. Ricci Lucci (1984) inferred that the Marnoso-Arenacea deposits had already crossed a significant proportion of the basin (at least 60 km) by the observation of more proximal sediments in boreholes drilled to the north. Therefore it is likely that the densest material had already been dropped from flows before they reached the terminal basin floor fan system. This resulted in a concentration of the lightest fraction of the terrestrial matter in the relatively distal reaches of the submarine fan ( Fig. 13 ).
As this represents the third instalment of the attempt to classify turbidite systems with palynofacies, there are not presently other published studies with which to compare our results.
We hope this methodology may now be taken up by other workers in order to further test its application across a wider temporal and spatial spectrum. This study may have its greatest effect on the analysis of thin-bedded reservoirs, which are becoming ever more important targets for infill drilling (e.g. Weimer et al., 2000) . This offers a new tool to distinguish between, fan fringe or contained interlobe, both sedimentologically dominated by mudstone, which may appear similar in wireline or even core studies. However the recognition of contained interlobe deposits may help predict proximity to a nearby lobe with higher reservoir potential.
Although thicker bedded elements, such as the lobe axes are easier to distinguish with traditional methods, the ability to distinguish relatively proximal, often amalgamated from distal, non-amalgamated expressions is clearly of interest to the petroleum geologist. Correct identification of mud-caps (as opposed to clasts), which can present barriers or baffles to flow are essential for obtaining maximum production from a submarine fan reservoir.
That there is an apparent correlation between the thickest, highest reservoir quality sandstones and palynofacies rich in dense terrestrial material may also enable us to link palynofacies with sand proportion. Ideally this may be tested in the subsurface in order to determine if palynofacies is suitable for assisting hydrocarbon exploration and development in deep-marine systems.
Conclusions
Depositional environments of a submarine fan system have been analysed from outcrops of the Marnoso-Arenacea Formation, where decades of high resolution documentation of the stratigraphy gives confidence in placement within the system. One hundred and thirty-five samples were collected in conjunction with sedimentary logging in order to examine the palynofacies of submarine fans.
Six lithofacies associations were described, corresponding to depositional environments of the submarine fan system, including lobe axis, lobe fringe, fan fringe, contained interlobe, basin plain, and starved highs. Elements were further subdivided into proximal, intermediate, and distal equivalents based upon sedimentological criteria.
Palynological processing and analysis shows the turbidite components to be rich in terrestrial organic matter, with sixteen categories of particulate organic matter observed.
Although all turbidite elements were dominated by palynowafers, the proportions and properties of organic matter show variation between the depositional environments. The proximal lobe axis demonstrates the largest particles and highest proportions of dense matter, such as degraded wood. Down-fan assemblages show a general decrease in dense matter and increasing proportions of lighter material. Intrabasinal highs were starved of sediment, being comprised largely of hemipelagites with their palynofacies being dominated by amorphous organic matter. Therefore the proportions, size, and shape of organic matter can be used to differentiate elements of submarine fans.
Distribution of the organic matter was not random, with hydrodynamic sorting and phased fall-out of matter as turbidity currents ran-out across the basin resulting in different proportions, sizes, and properties of organic matter in sub-environments. This provides a palynofacies classification scheme to assist the identification of depositional environments of basin floor fans. This study provides evidence of the density fractionation of organic matter in turbidity currents and provides a new way to reconcile the architectural complexity of submarine fans, which can now be applied to subsurface datasets to assist reservoir characterisation. Verghereto. Key to log as with figure 3. Fig. 8 . Count data for each sample organised by depositional environment and in stratigraphic order; Eqequant opaque debris; DMdark structureless organic matter; Rresin; Bladebladed opaque debris; FAfreshwater algae; Zzoomporhps; Aacritarchs; BSbisaccate pollen; MAmarine algae. Fig. 9 . Box and whisker charts of the proportions of particulate organic matter recorded for each sample from the studied depositional environments; DSOMdark structureless organic matter; Degradedegraded wood; FWAfreshwater algae; Sacsbisaccate pollen; Zoozoomorphs; MAmarine algae; AOMamorphous organic matter. Boxes represent the 25th to 75th percentile, whiskers represent the 25th percentile minus 1.5 times the range of the box and the 75th percentile plus 1.5 times the range of the box values (interquartile range). 
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